Ruvin Kumara VM, Wessling-Resnick M. Olfactory ferric and ferrous iron absorption in iron-deficient rats. The absorption of metals from the nasal cavity to the blood and the brain initiates an important route of occupational exposures leading to health risks. Divalent metal transporter-1 (DMT1) plays a significant role in the absorption of intranasally instilled manganese, but whether iron uptake would be mediated by the same pathway is unknown. In iron-deficient rats, blood 59 Fe levels after intranasal administration of the radioisotope in the ferrous form were significantly higher than those observed for iron-sufficient control rats. Similar results were obtained when ferric iron was instilled intranasally, and blood levels of 59 Fe were even greater in the iron-deficient rats compared with the amount of ferrous iron absorbed. Experiments with Belgrade (b/b) rats showed that DMT1 deficiency limited ferric iron uptake from the nasal cavity to the blood compared with ϩ/b controls matched for iron deficiency. These results indicate that olfactory uptake of ferric iron by iron-deficient rats involves DMT1. Western blot experiments confirmed that DMT1 levels are significantly higher in iron-deficient rats compared with iron-sufficient controls in olfactory tissue. Thus the molecular mechanism of olfactory iron absorption is regulated by body iron status and involves DMT1. divalent metal transporter-1; olfactory bulb; Belgrade rat; duodenal cytochrome B; iron deficiency
IRON IS AN ESSENTIAL NUTRIENT required for many physiological processes. Nutritional iron deficiency is the most common cause of anemia, which afflicts more than 1.5 billion people globally (36). However, iron is also a toxic metal associated with Parkinson's disease, Alzheimer's disease, multiple sclerosis, and amyotrophic lateral sclerosis, among other disorders (20, 23, 24, 26) . Iron deficiency enhances dietary uptake to resolve the anemic state, but other routes of transport including uptake from the lungs are also highly regulated by iron status (4, 13, 28) . This paradox raises questions about how iron deficiency may modify the potential toxicity associated with metal uptake to the brain across the olfactory pathway.
Inhalation is an important route of occupational exposure and metal toxicity. Welders, for example, are exposed to fumes composed of iron, chromium, manganese, aluminum, nickel, and cadmium (1) . Much epidemiological research has focused on olfactory manganese uptake and its toxicity, which is associated with tremors in a Parkinson's-like disease called manganism found in welders and other workers (3, 25) . Absorption of manganese and other metals via olfactory tissues to the brain is well documented (7, 21, 30 -32) . In the case of manganese, we have shown that metal absorption is upregu-lated by iron deficiency and that the major intestinal iron transporter divalent metal transporter-1 (DMT1) plays a role (30) . Although DMT1 functions in iron absorption, it interacts with a substrate profile ranked on currents as: Cd 2ϩ , Co 2ϩ , Fe 2ϩ , Mn 2ϩ ϾNi 2ϩ , V 3ϩ ϾϾPb 2ϩ (17) . Belgrade rats (b/b), which have defective iron uptake attributable to a point mutation in DMT1 (9) , absorb less intranasally instilled 54 Mn compared with iron-deficient heterozygous ϩ/b counterparts, whereas the latter absorb more radioisotope compared with iron-sufficient ϩ/b control rats (30) . Iron-deficient rats have increased levels of DMT1 localized to both the lumen microvilli and end feet of sustentacular cells of the olfactory epithelium (30) . Sustentacular cells are necessary for manganese transport to the blood, and intact axonal projections are required for this metal to be transported from the nasal cavity to the olfactory bulb and brain (31) . Thus DMT1 would appear to be a critical mediator of metal exposures via the olfactory pathway.
Despite the established olfactory metal uptake pathway and the characterized role for DMT1, it has been generally assumed that iron is not assimilated from the nasal cavity to the brain. Rao et al. (22) have shown that aerosolized 59 FeSO 4 is rather poorly absorbed and that the radioisotope associates with transferrin in the mucosa. However, there are several reasons to reexamine olfactory uptake of iron. Like manganese, iron is also present in welding fume, being the metal in the largest proportion in mild steel welding fume, for example (10) . Although manganese toxicity is well established, not all adverse health effects attributable to welding exposure are associated with this metal, suggesting that other components in welding fume may cause damage. In one study, the loss of smell in welders was associated with time spent welding, but workers with higher levels blood manganese had better olfactory function (2) . Another consideration is the speciation of iron: gas metal arc welding fume contains 79% iron (III) oxide and 31% iron (II) oxide. Studies by Wang et al. (34) suggest that ferric oxide particles can be transported by the olfactory pathway to the central nervous system and cause oxidative damage. Finally, our findings on iron-responsive regulation of DMT1 suggest that anemia could modify its function to enhance metal uptake in exposed workers with nutritional iron deficiency (30) . Given that 25% of the world's population is anemic, that the relative absorption of ferrous vs. ferric iron uptake has not been fully explored, and that oxidative damage attributable to olfactory transport of ferric iron to the brain has been documented, we investigated the absorption of intranasally instilled 59 Fe in both ferrous and ferric forms and in both iron-deficient and iron-sufficient rats. Uptake of both forms from the nasal cavity to the blood was significantly enhanced in iron-deficient rats, with greater uptake of ferric iron. Using the Belgrade rat model, we show that olfactory uptake of ferric iron involves a DMT1-mediated transport pathway.
MATERIALS AND METHODS
Animals and diets. Animal protocols were approved by the Harvard Medical Area Animal Care and Use Committee. Three-week-old Sprague-Dawley rats (Taconic Farms, Germantown, NY) were housed with a 12-h:12-h light/dark cycle. To induce dietary iron deficiency, rats were fed chow containing 4 -7 ppm iron (TD 99397; Harlan Teklad, Madison, WI) for 3 wk. Food consumption was measured, and control rats were fed ϳ125% of this amount using a control diet containing 220 ppm iron (PicoLab5053; LabDiet, Richmond, IN). Belgrade rats were fed on food and water ad libitum and maintained on a 12-h:12-h light/dark cycle. Mating pairs of female heterozygous (ϩ/b) and male homozygous Belgrade (b/b) rats were fed an iron-supplemented diet containing 480 -600 mg iron/kg (TD02385, Harlan Teklad). Female ϩ/b rats were fed an iron-supplemented diet throughout pregnancy. At postnatal day 6, litters were cross-fostered to F344 Fischer dams (ϩ/ϩ; Charles River, Boston, MA) fed the control diet (PicoLab 5053; PharmaServ, Framingham, MA). Belgrade rats were phenotyped by their pallor at birth; hematocrit and tissue nonheme iron concentrations were measured as previously described (4) . At the time of weaning, rats were divided into three groups; both b/b and control ϩ/b rats were fed ironsupplemented diet, and a separate cohort of ϩ/b rats were fed the iron-deficient diet.
Pharmacokinetic experiments. 59 FeCl3 was purchased from Perkin Elmer/New England Nuclear (Boston, MA) and diluted in 20 mM HEPES/Tris buffer containing nitrilotriacetic acid (NTA, 1:4 molar ratio). The pH was adjusted to 6.5 immediately before intranasal instillation for ferric iron uptake experiments. A similar 59 Fe solution was prepared for ferrous iron uptake experiments except that ascorbic acid (1:50 molar ratio) was added to reduce ferric to ferrous iron. 59 Fe was then administered to anesthetized rats by intranasal instillation (30 Ci/kg body wt; 35 l/kg), and blood samples were collected from the tail vein at 5, 15, 30, 60, 120, and 240 min postinstillation. Homozygous Belgrade rats, iron-deficient heterozygous rats, and control heterozygous rats were humanely killed 4 h postinstillation and exsanguinated. Brain, liver, heart, lungs, esophagus, trachea, sternum, spleen, muscle, kidneys, stomach, stomach content, duodenum, jejunum, ileum, cecum, and large intestine were collected. All tissues and blood samples were weighed, and radioactivity was measured in a Packard ␥counter (Perkin Elmer Wallac Wizard 1470 -020). 59 Fe level was calculated as a percentage of the instilled dose based on tissue weight to body weight. In the case of blood, bone marrow (sternum), and skeletal muscle, estimation of 7%, 3%, and 45% was used, respectively.
Western blot analysis. Snap-frozen olfactory bulbs from irondeficient and control rats were homogenized in 50 mM mannitol, 2 mM HEPES, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), pH 7.2, using a Tissue Tearor (Biospec Products, Bartlesville, OK). The homogenate was centrifuged at 1,500 g for 5 min, and the supernatant was centrifuged for 1 h at 15,000 g to obtain the crude membrane fraction for detergent extraction using 50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton, 0.5 mM PMSF. Protein (50 g) was electro- Bottom: blood samples were collected from the tail vain at 5, 15, 30, 60, 120, and 240 min of iron-deficient ( ' ) and control () rats to determine the percentage of dose present in blood. Results shown are the means Ϯ SE (n ϭ 6). **P Ͻ 0.001, *P Ͻ 0.05, ANOVA.
phoresed on a 4 -15% gradient SDS-polyacrylamide gel and transferred to a PVDF membrane. The blots were incubated with anti-DMT1 (1:1,000, a kind gift of Dr. Phillippe Gros, McGill University), washed, and developed using anti-rabbit horseradish peroxidaselinked antibody (1:6,000 dilution; Amersham, Buckinghamshire, UK) using SuperSignal West Pico Chemiluminescent substrate (Thermo Scientific, Rockford, IL) and visualized on film. As a loading control, blots were reprobed with anti-actin (1:20,000 dilution; MP Biomedical, Solon, OH). ImageJ (version 1.44) software was used to determine film intensity, and protein levels were normalized to actin.
Statistical analysis. Data are expressed as means Ϯ SE. Data were analyzed by one-way ANOVA and Tukey's or Dunnett's tests where appropriate, using IBM SPSS version 19 statistical software; differences were considered significant at P Ͻ 0.05.
RESULTS
Rats fed a low-iron diet for 3 wk had reduced hematocrit and nonheme iron levels in liver and brain compared with ironsufficient control rats pair fed normal chow ( Fig. 1 , A-C). Body weights were similar for both cohorts (Fig. 1D ). To measure olfactory absorption of 59 Fe 2ϩ (ferrous iron), diluted ferric 59 FeCl 3 was reduced to the ferrous form by addition of a 50-fold molar excess of ascorbic acid immediately before administration by intranasal instillation. 59 Fe absorption from the nasal cavity to the blood was significantly greater at 2 h and 4 h in anemic rats compared with controls ( Fig. 1, bottom) .
To examine absorption of 59 Fe 3ϩ (ferric iron), radioisotope was diluted and stably complexed with NTA at a 1:4 ratio. Previous studies of nontransferrin-bound iron uptake have shown efficient cellular iron uptake when this form of ferric iron was employed (14) . The 59 Fe:NTA complex was administered intranasally to a second cohort of iron-deficient and control rats with the physiological characteristics shown in Fig. 2 , A-D. These data confirm that the iron-deficient rats had reduced hematocrit and liver and brain nonheme iron levels. One hour after intranasal instillation, 59 Fe in the blood was significantly greater and increased over time in iron-deficient rats compared with controls, with 18.32 Ϯ 3.67% and 4.81 Ϯ 3.71% of the total instilled dose measured in the blood at 4 h, respectively (Fig. 2, bottom) .
Comparison of results presented in Fig. 1 and 2 demonstrates that 59 Fe administered in the ferrous form to the nasal cavity appeared in the blood at levels comparable to the time course observed for ferric form in control rats (e.g., 2.5 Ϯ 1.6% vs. 4.81 Ϯ 3.71% of the total instilled dose at 4 h, respec- tively). However, iron absorption was significantly increased in iron-deficient rats, with greater levels appearing in the blood when the radioisotope was administered in the ferric form (17.75 Ϯ 4.66% at 2 h and 18.32 Ϯ 3.67% at 4 h) relative to the ferrous form (9.07 Ϯ 2.03% at 2 h and 8.64 Ϯ 2.87% at 4 h).
Although it is possible that the comparatively low levels of 59 Fe in the blood of control rats could reflect rapid clearance of absorbed radioisotope from the blood to peripheral tissues, our laboratory has previously shown that intravenously injected 59 Fe is more rapidly cleared in iron-deficient rats (13) . These studies also suggested that uptake of circulating metals into red blood cells was enhanced by iron deficiency, most likely attributable to upregulation of DMT1 (9, 12) . Therefore, the amount of iron present in plasma vs. red blood cells was compared in samples collected at 4 h from control and irondeficient rats instilled with ferric iron. Figure 3 shows that the percentage of total instilled 59 Fe dose was similar in plasma of control and iron-deficient rats, whereas the latter group had a greater proportion of the dose contained in the cellular blood fraction.
Olfactory 59 Fe 3ϩ absorption was also studied in homozygous Belgrade (b/b) rats and heterozygous (ϩ/b) littermates. One cohort of ϩ/b rats were fed the low-iron diet for 3 wk to induce iron deficiency that is phenotypic of the homozygous model of DMT1 deficiency. Both b/b and iron-deficient ϩ/b rats had reduced body weights and hematocrit values compared with control ϩ/b rats (Fig. 4) . Iron-deficient ϩ/b rats also had lower iron concentrations in the liver and the brain, whereas b/b rats had significantly higher liver nonheme iron attributable to the iron-loading anemia phenotype associated with loss of DMT1 function (29) . After intranasal instillation, uptake of 59 Fe 3ϩ to the blood did not differ between b/b and control ϩ/b rats over the 4-h period studied (Fig. 4) . Circulating levels of 59 Fe were similar in homozygous Belgrade rats (3.3 Ϯ 2.1% total instilled dose at 4 h) and control heterozygous rats (2.8 Ϯ 1.2% total instilled dose at 4 h), concordant with iron absorption measurements for control rats in the 59 Fe 3ϩ and 59 Fe 2ϩ experiments discussed above. However, absorption of 59 Fe 3ϩ from the nasal cavity to blood was significantly increased in iron-deficient ϩ/b rats (12.3 Ϯ 2.8% total instilled dose at 4 h), consistent with the results shown in Fig. 2 . These combined data show that absorption of ferric iron from the nasal cavity involves functional DMT1 and that this pathway is upregulated in iron-deficient animals.
The tissue distribution of radioisotope 4 h after 59 Fe 3ϩ instillation showed significantly higher content in red blood cells, whole brain, liver, muscle, and sternum of iron-deficient ϩ/b rats compared with control ϩ/b littermates ( Table 1) . 59 Fe was significantly higher in red blood cells, whole brain, liver, and blood compared with b/b littermates. Although the 59 Fe content in cecum was significantly lower in anemic ϩ/b rats, other intestinal regions (duodenum, ileum, jejunum, and large intestine) and stomach contents were not different between the three cohorts, suggesting that, after administration in the ferric form, iron was absorbed from the olfactory system and not cleared from the gut attributable to the rat's regurgitation and swallowing of isotope. Notably, 59 Fe in whole brain was significantly increased in iron-deficient ϩ/b rats compared with control ϩ/b and b/b littermates, suggesting that upregulation of DMT1 enhances its delivery across the olfactory air-brain barrier. 59 Fe distribution in all tissues of control ϩ/b rats was not significantly different from b/b littermates except for red blood cells, which showed significantly reduced levels consistent with lack of DMT1 function. To further confirm that olfactory expression of DMT1 was upregulated in iron-deficient rats, Western blot experiments were performed. Figure 5 shows that DMT1 protein was increased in olfactory tissue from iron-deficient rats compared with controls.
DISCUSSION
Accumulating evidence indicates that olfactory tissues can absorb manganese, cobalt, cadmium, nickel, and mercury (32) and that metal absorption is enhanced by iron deficiency (4, 6, 30) . Pharmacokinetic studies of metal uptake by Belgrade rats and immunolocalization of DMT1 in the olfactory epithelial regions of the nasal concha support the model that DMT1 is involved in manganese absorption and is responsible for enhanced uptake under low-iron conditions (30) . Less is known about iron uptake, and previous work suggested ferrous iron was poorly absorbed (22) . In our study, uptake of 59 Fe from the nasal cavity to the blood was observed whether the radioisotope was administered in the ferrous or ferric form to ironsufficient rats, but the amount assimilated was lower than observed for iron-deficient rats. These observations indicate that olfactory iron absorption does occur and is dependent on body iron status. In this tracer study, only small amounts of 59 Fe were instilled into rats. Ferric iron uptake could be greater with much higher occupational exposures and should be further explored. High iron content can be detected in exhaled breath of workers (14) . In a pilot study, we instilled 59 Fe at a much higher dose (150 Ci/kg body wt), and greater levels in the blood were observed (data not shown). Thus it should not be presumed that iron uptake does not occur under iron sufficiency conditions, especially for the ferric form present in occupational settings like welding. Another important finding is that iron-deficient rats display significantly greater absorption of both ferrous and ferric iron. This observation is concordant with the enhanced olfactory manganese absorption reflecting upregulation of DMT1 (30) . Because iron deficiency is one of the most prevalent nutritional deficiencies worldwide, rather simple measures could reduce the potential risk of oxidative damage to workers exposed to iron by routine monitoring of their hematological status and recommending iron supplements if a nutritional deficiency is detected.
Surprisingly, transfer of ferric iron from the nasal cavity to the blood appeared to be more effective than absorption of ferrous iron, raising questions about the role for DMT1 in this pathway because its transport substrate preference is the divalent form (12) . Using the Belgrade rat model of DMT1 deficiency, our study showed that uptake of ferric iron by irondeficient rats was dependent on DMT1 function because b/b rats failed to show significant absorption of radioisotope from the nasal cavity to the blood, whereas iron-deficient heterozygous controls showed enhanced transport to the blood and, importantly, the brain. Western blot analysis of olfactory tissue confirmed that DMT1 was upregulated in iron-deficient rats compared with control rats. These combined results lead to the plausible model that DMT1 in olfactory tissues of iron-deficient rats enhances uptake of both ferric and ferrous iron (30, 31) , which is then transferred to the olfactory bulb and brain or transported to blood capillaries. What factors promote ferric iron uptake by DMT1 remain to be identified, but in preliminary studies we have found iron-responsive expression of duodenal cytochrome B in olfactory tissue (data not shown). This ferrireductase reduces ferric to ferrous iron for DMT1mediated uptake in the intestine (18) . A different ferrireductase called Steap3 also functions with DMT1 to mediate assimilation of ferric iron from transferrin in the endolysosomal pathway (19) . Ferric oxide particle dissolution can occur in the endolysosomal pathway, and it is possible that DMT1 functions here to release iron across the membrane where it can inflict oxidative damage to the cell. Rao et al. (22) administered ferrous iron by inhalation and found that most of the isotope remained in mucosa and was associated with transferrin, which binds iron (III). This suggests that ferrous and ferric iron may follow the same pathway involving the transferrin receptor. Transferrin receptors are also upregulated by iron deficiency and could enable its transfer across the olfactory epithelium. Subsequent mobilization of transferrin-bound iron would require DMT1 (9), as defined by our study in Belgrade rats discussed above. The notion that this pathway is upregulated systemically is reflected in the observed increase of 59 Fe in the red blood cell fraction rather than plasma in iron-deficient rats.
There are alternative explanations for the differences observed in our study. Lower absorption of ferrous iron might reflect greater damage to the epithelial layer relative to the ferric form, and, as a consequence, uptake might be reduced. However, if this explanation were correct, it would be expected that damage should occur equally in relevant tissues of all rats, including control, ϩ/b anemic rats, and b/b rats. The observed differences between ferrous and ferric iron absorption could also reflect relative bioavailability of the different species. Ferrous iron can readily hydrolyze to insoluble oxides, such that absorption via the olfactory pathway may be limited by poor solubility. We reduced iron to the ferrous state with excess ascorbate before instillation, but once the cation is placed in the nasal cavity, its redox state may be altered. Rao et al. (22) studied inhaled ferrous iron and found it bound to mucosal transferrin, suggesting oxidation to Fe(III), which binds to this protein. It is known that ferrous iron binds to factors like mucin (27) . Such nonspecific interactions could also reduce the availability. We do not know whether ferrous or ferric iron is the physical form transferred after absorption from the nasal cavity or whether transferrin is involved. Moreover, absorbed iron may be directly transferred to the brain via olfactory neurons (32), or it may follow a vascular pathway across the blood-brain barrier (10) . Further study is necessary to refine our knowledge about the molecular details for olfactory iron absorption to the blood and brain. Because olfactory absorption is reduced in the Belgrade rat, DMT1 must play a role in the molecular mechanism, but the precise pathway and the ferrireductase involved in ferric iron uptake need to be better established. In sum, our observations impart a greater appreciation for the fact that intranasal uptake of iron does occur and is enhanced by iron deficiency. Thus exposure to airborne iron in welding fume, for example, could be associated with higher risk of damage in anemic individuals. Future population studies will be needed to address this issue. Values are means Ϯ SE. Radioactivity is expressed as a percentage of total injected dose for each rat. ANOVA *P Ͻ 0.001, †P Ͻ 0.05 compared with control ϩ/b rats. ‡P Ͻ 0.05 compared with Belgrade b/b rats. 
